In the production of manganese alloys there is a continuing effort to utilize all raw materials. As ore fines cannot be directly added to the furnace, the fines must be agglomerated to sinter, pellets or briquettes. However, as the materials changes properties during agglomeration, there is a need to know how the effect the agglomerated material affects the furnace performance, compared to lumpy material. In this paper the CO reactivity and porosity of 3 ores and their agglomerates of sinter and pellets is studied.
Introduction
Manganese materials differ by a number of parameters. From the chemical point of view, one of the major differences between manganese materials is given by manganese and oxygen content. The manganese concentration in raw materials is usually given by four manganese oxides. It is MnO 2 , Mn 2 O 3 , Mn 3 O 4 and MnO. The relation between oxygen and manganese in raw material can also be expressed as MnO x , where x is the mole fraction of oxygen which is varying in a range from 1 to 2.
In the submerged arc furnace (SAF) and in the relatively lower temperature zones (pre-reduction zone) the higher manganese oxides -MnO 2 , Mn 2 O 3 , Mn 3 O 4 are relatively unstable and get easily reduce in solid state by CO gas. The enthalpies of the reactions are negative, i.e. that reduction of higher manganese oxides is occurring in the pre-reduction zone with the release of the heat. 1) In an ideal case the carbon will be consumed only in the higher temperature zone, where manganese oxide is reduced by carbon. Based on stoichiometry the amount of CO gas produced in the higher temperature zone will be enough for reduction of higher manganese oxides in the pre-reduction zone. However, if higher manganese oxides are not reduced until they reach the temperature zone of 800°C-1 000°C, then further reduc-tion will proceed together with Boudouard reaction. 1) ......... (1) Boudouard reaction is a strongly endothermic and thus the overall reactions of reduction of higher manganese oxides will also be endothermic causing a higher energy consumption. The presence of higher manganese oxides in the Boudouard reaction active zone will hence lead to increased coke consumption, as shown in the sum of reactions 2 and 3 to reactions 4.
The effect of degree of pre-reduction on the consumption of electrical energy and coke for HC FeMn furnaces was described by Tangstad (1996) , Fig. 1 . 2) The degree of prereduction in Fig. 1 is expressed by CO 2 /(CO 2 +CO) ratio in the off-gases. The CO 2 /(CO 2 +CO) ratio is in inverse relation to degree of pre-reduction, i.e. the highest value of CO 2 / (CO 2 +CO) ratio corresponds to the highest degree of prereduction.
In the present paper the degree of pre-reduction, that is the CO reactivity, of different materials were measured. It 
is worth to notice that CO reactivity here was defined as the ability of manganese materials to be reduced to MnO by CO gas in a temperature range from 0°C to 800°C. In addition to CO reactivity measurements, porosity of all manganese materials was tested after each experiment.
Materials and Experiments
Eight different manganese materials, including three types of manganese ores (Gabonese ore, CVRD ore and Assmang ore), two types of sinters (Gabonese sinter and CVRD sinter) and three types of pellets (Gabanese pellets, CVRD pellets and Assmang pellets) were tested. Manganese ores and sinters were supplied by the industry, while all types of pellets were processed from corresponding ores. The chemical composition of manganese materials was found by X-Ray Fluorescence, while the oxidation state of Mn over +2 was determined by titration and given as MnO2.
The initial composition of all manganese materials is shown in Table 1 .
To make the pellets, the ore was crushed to a size fraction ≤ 0.2 mm, pelletized in a pelletizing-drum and then dried in a muffle furnace at 1 100°C for 30 min. During pelletizing no additives except water was added to the ore fines.
All materials were dried in a drying oven at 100 ± 5°C for 24 hours and then sieved prior to CO reactivity tests. The experimental plan, experimental temperatures and size fractions of tested materials are shown in Table 2 .
Apparatus and Method -CO Reactivity Experimental Setup
The CO reactivity tests were performed in a vertical tube furnace. For each experiment 200 g ± 30 g sample of manganese materials was heated in 70 vol.% of CO and 30 vol.% of CO2 gas mixture, which is giving the partial pressure of oxygen at 25°C and 1 100°C of 1.9·10 -23 atm. and 5.2·10 -4 atm., respectively. The massloss, the temperature in the furnace and the temperature in the materials were measured. The photo of the crucible and furnace at the bottom position can be seen in Fig. 2 .
All experiments were performed with the heating rate of 10°C/min and with the gas flow rate equal to 4 l/min. When the sample inside the crucible reached maximum temperature, the power supply was shut down and the furnace was Gabonese ore 10-15 X X Gabonese sinter 10-15 X X Gabonese pellets 10-15 X X CVRD ore 5-10 *) X X CVRD sinter 10-15 X X CVRD pellets 10-15 X X Assmang ore 10-15 X X Assmang pellets 10-15 X X *) CVRD ore is commonly supplied to the industry with a size fraction ≤ 10 mm. descended to the bottom position to cool faster. The next 30 minutes the crucible with the sample was purged by nitrogen.
CO Reactivity Calculations
The calculation of CO reactivity curves was done based on the massloss of the samples during the tests. It was mentioned before that relation between different manganese oxides can be expressed as MnOx. The x value corresponds to amount of oxygen bonded with the manganese. Thus, the change of massloss during experiment corresponds to removal of oxygen from higher manganese oxides. However, some materials contain significant amount of volatiles, which can be removed with the off gases, and iron oxides which can also be reduced during experiments. Hence, the change of sample mass during experiment is correlated to reduction of manganese oxides, removal of volatiles and reduction of iron oxides.
It is important to notice here, that massloss curve is made versus temperature which was inside the crucible. The temperature inside the furnace and crucible was different, especially if investigated sample had a high amount of exothermic reactions, Fig. 3 . Thus, for most of the samples, the plot of volatiles removal over crucible temperature is not continuously increasing.
From Fig. 3 it can be seen that the change of the sample mass is followed by increase of the temperature inside the crucible. This behavior indicates the presence of exothermic reactions. When the temperature inside the crucible reaches approximately 800°C the weight reduction of the sample decreases considerably. This shows that reduction of high manganese oxides were almost finished for CVRD ore at 800°C. The presence of exothermic reaction can also be seen in Fig. 4 . In all experiments, where the temperature of the sample was strongly affected by exothermic reactions, the reactivity curves have a so-called "Z" shape.
In present work, it was assumed that volatiles are removed linearly in a temperature range from 100°C to 300°C. The removal was linear concerning the furnace temperature, not crucible temperature. The effect of iron reduction during experiments was neglected, as this is maximum 1.5% of the total massloss at 800°C. The example of change of the sample mass, removal of volatiles and CO reactivity curves can be seen in Fig. 4 .
Three particles from each CO reactivity experiment were sent for volume analyses. The mass of single particle was varying from around 1 to 7 grams. The GeoPyc 1 360 pycnometer and AccuPyc 1 330 Helium pycnometer were employed for estimation of the envelope sample and pores volumes. All volume tests were repeated until 5 measurements with an acceptable standard deviation were obtained.
Results and Discussion

CO Reactivity Experiments
The results of CO reactivity calculations for all samples at 400°C are shown in Fig. 5 . The numbers at the end of the curves show MnOx values which were found through the massloss calculations and numbers with the brackets corresponds to the values based on chemical compositions. The chemical composition of manganese materials after experiments is shown in Table 3 . It can be seen from Fig. 5 that only Gabonese ore and CVRD ore have been slightly reduced at the end of experiment. The other materials have shown low or no reactivity within this temperature range. It can also be seen that calculated values are in a good agreement to the values found from the chemical analyses.
The results of CO reactivity experiments performed at 800°C and chemical composition of materials are presented in Fig. 6 and Table 4 , respectively. The CO reactivity of Gabonese and CVRD ores at 800°C is relatively similar. The x value for Gabonese ore and CVRD ore at 800°C was reduced from 1.96 to 1.05 and from 1.91 to 1.04, respectively. High x value in initial composition shows that in these two ores Mn is presented mostly in a form of MnO2, while after experiments most of MnO2 was reduced to MnO at 800°C.
The CO reactivity curves for Gabonese and CVRD ore has a common Z-shape. The lack of this shape for other materials is showing the lack of MnO2. The Assmang ore have lower oxygen content compared to Gabonese and CVRD ores. The initial value of MnOx for Assmang ore is equal to 1.46. Thus, it can be considered that manganese in Assmang ore is mainly given by Mn2O3. After CO reactivity test at 800°C all Mn2O3 was reduced to Mn3O4 and in addition, Mn3O4 was partly reduced to MnO.
The oxygen content at 800°C of Gabonese and CVRD pellets is higher than of Gabonese and CVRD ores. The Gabonese and CVRD sinters have shown the highest oxygen content at 800°C in comparison to corresponding pellets and ores. In general the reactivity of CVRD and Gabonese materials can be ranking as following (from highest CO reactivity to lowest): Ore -Pellets -Sinters. However, for the Assmang based manganese materials, this ranking will be: Pellets -Ore.
As it was mentioned above, the amount of oxygen which is left at the end of experiment at 800°C corresponds to the amount of higher manganese oxides. It was shown in previous part of this work that further reduction of higher manganese oxides can occur through the reaction with carbon of coke. In other word, the higher x value at the end of experiment will correspond, in theory, to the higher additional carbon consumption. For example, for further reduction of Assmang ore at temperatures higher than 800°C, 0.25 mole of carbon per mole of Mn is needed. In this example it was assumed that further reduction by CO gas will not occur at higher temperatures. The amount of additional carbon consumption for all tested materials can be seen in Table 5 based on values from Fig. 6 .
The Gabonese and CVRD ores has highest values of oxygen at the beginning of experiments. However, due to the high CO reactivity, the additional consumption of carbon for these ores is lowest. In addition, these ores supply a significant amount of energy during the pre-reduction. The Assmang ore has the highest additional carbon consumption. The CVRD and Gabonese sinters have shown poor CO reactivity and thus have also high theoretical carbon consumption.
Regarding the industrial process of manganese alloys production it can be concluded, that use of Gabonese ore in the charge will be most beneficial for the producers due to high amount of energy released during pre-reduction and also due to low additional carbon consumption. The CVRD ore cannot be directly charged into the furnace due to the small size fraction of material. Therefore, sintering or pelletizing of CVRD ore is required. The sintering of CVRD ore has a strong negative effect on CO reactivity and additional carbon consumption in comparison to the ore. The effect from the use of Gabonese sinter and its behavior in pre-reduction zone is expected to be the same as for CVRD sinter. The Assmang ore have shown relatively low CO reactivity and thus, the highest theoretical carbon consumption. The pelletizing of Assmang ore can have a positive effect for the process and result in lower carbon consumption.
Porosity Tests
Porosity tests of single particles from the same experiments have shown a large deviations. An example of porosity of CVRD ore can be seen in Fig. 7 . In order to compare development of porosity of different ores, the mean values were used. The results of all porosity tests, including test of the samples from CO reactivity experiments performed at 1 100°C, are shown in Fig. 8 . Figure 8 shows that porosity of manganese materials increase with increasing of temperature. At temperature below 400°C the increase of porosity can be caused be removal of bound water and CO2 from carbonates. It is expected that from 400°C up to 800°C the pre-reduction of higher manganese oxides affecting the increase of porosity, as well as the expansion of the material. Figure 8 also shows that the slope of porosity curves over the temperature is very similar for most of materials. It was shown previously that reactivity of Gabonese ore and CVRD ore is higher than of Assmang ore. However, the slope of porosity for these materials, in a temperature range from 400°C to 800°C, is relatively the same. Thus, it is believed that CO reactivity has low effect on development of porosity.
The comparison of porosities with CO reactivity results, which is illustrated in Fig. 9 , have shown that for the most of materials, the high initial value of porosity leads to a higher CO reactivity and thus a lower oxygen content at 800°C.
Conclusions
The present work combines the study of CO reactivity and porosity of eight different manganese materials. It is shown that manganese materials with high initial porosity have higher CO reactivity. This means that Gabonese ore and CVRD ore will have a higher CO reactivity compared to their sinter and pellets. For Assmang ore, which has a low initial porosity, making an agglomerate with higher porosity, will increase the CO reactivity.
It has also been shown that the porosity increases with temperature and pre-reduction. However, the porosity of all investigated material increases with the same rate. This means that materials with a high initial porosity, also have a high porosity at 800 or 1 100°C, and vice versa. 
